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FOREWORD

This is Volume 3, Book 1 of the History: Project
First, F-1 Combustion Stability Program Report,
prepared in compliance with the provisions of
Contract NASw-16, Scope of Work Para. VII-K of
Mod. 71. The Rocketdyme F-1 Engine Development
Program for the National Aeronautics and Space
Administration.

A history of the F-1 Combustion Stability Program
from October through December 1964 is presented.
Results of studies, tests, and procedures are
discussed and graphically presented, and problems
encountered are described.

(Unclassified Abstract)
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INTRODUCTION

Volume 3, Book 1 describes the Combustion Stability Program for the
period of October through December 1964. By this time, the problem of
engine self-triggering instabilities had been eliminated. The primary
effort during the rsport period was directed toward the elimination of
the resurge and tusgg i -1:5 oo inmetabilities and the attainment of high-
performance injector configurations commensurate with stability. To
this end, injector pattern modifications near the confining baffle
surfaces were made and tested. Test resulis indicated significant
importance of the injector pattern near the baffles.

R-5615-9 1
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SUMMARY

The program was highlighted during this period by the damping of three
bomb-induced disturbances within the maximum 100 milliseconds durat:on

by the F-1 engine system, as part of the FRT demonstration.
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Effort was expended on the attaimment of improved dymamic stability and
improved performance. To this end, injector modifications which evaluated
the effects of oxidizer sprays near the radial baffles, various oxidizer
splitter modifications, and flow distribution on combustion stability

and performance were tested.

R-5615-9 3
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ANALYTICAL AND THEORETICAL WORK

F-1 SURGE MODEL

During this period a sustained effort was made to understand and eliminate
the resurging problem. Rocketdyne's previous work on a chug model was
extended to include portions of the LOX feed system. This was done as a
result of cata analysis which revealied osciilation in the 120- to 140-cps
region in the ducting during normal operation. The resurging was by no
means periodic but had the majority of its spectral power in the 100- to
140—cps region. The duéting was described by classical water hammer

equations.

The system was found to be marginally unstable at 130 cps with the FRT
injector. Variation in the LOX impedance was found to stabilize the FRT
system. In order nui to disturb the spray pattern of this injector,

which would introduce another variable, it was recommended that an increase
in LOX impedance be made at the axial feed holes. Model results showed
that orificing of the axial feed holes to increase the overall LOX differ-
ential pressure to 380 psi would result in a stable injector. This modi-
fication on injector 098 resulted in an oxidizer differential pressure

of 350 psi. However, the resurging persisted.

DUAL CHAMBER MODEL

In performing iiic above analytical work it was noted that a response -
peak occurred at 500 cps. It was decided to construct a dual chamber
model, which would combine the surge model with the 500 cps model. This
was done by incorporating into the model a time lag of 1 millisecond

aerose the combnstion chombher.

R-5615-9 5
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' DETERMINATION OF FLOW DISTRIBUTION

During this report period utilization of the flow distrikution program,
developed during the previous period, contimued, Its results did not
correlate well with Project First's flow bench results. It became evident

that both flow bench and computor program methods required some refinement.

Current injector designs vere analytically flowed and the results were
reported. In addition, fan canting alomg the radial baffles was deter-
mined for the 084 meries injectors on the basis of conservation of axial

and transverse liquid momentum. The results showed that relative stability
correlated with cant away from the radial baffles, i

It was recommended that a short experimental water flow program be carried
out to more accurately determine the various head loss coefficients util-
ized by the digital program.

INJECTOR DISTRIBUTION AND MIXTURE RATIO PROGRAM

An TBM program was written to calculate the propellant mixture ratio dis-
tribution in a polar coordinate system. The propellant distribution
(injection density) resulting from an injector element was assumed to
vary cosimusoidally in a circumferential direction, peaking directly
above the element and dropping to zero midway beiween elemente (Fig:. 1).
Elemental propellant distribution was assumed constant radially, and was
limited by the circumferential center lines of the udjacent rings. The
integral of the elemental distribution curve was calculated by the Pro-
gram to match the total elemental flow as obtained in the high-flow
bench. :

6 © R-5615-9
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PROPELLANT DISTRIBUTION PROFILE
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Figure 1.
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A spatially dependent c* was calculated by the program using an aritlmetic
corve for mixture ratios between 1.5 and 4.0. Outside of the range, a

linear relationship was assumed. Chamber preiaure was fixed at 1100 psi.

i For baffled injectors, each compartment must be bandled separately., with
i a separate printout for each.

The results of the program consist of:

1. Point values: oxidiger distribution, fuel distribution,
mixture ratio

2. ‘Ring values: total oxidiszer flow, total fuel flow

3. Compartment values: total propellant flow, product of total
propellant flow and c*, and average c*.

Figares 2 and 3 are cathode ray tube (CRT) plots of the data obtained
from a portion of injector 050.

The results of the c* calculation program appeared to be of only qualita-
tive use at this time rather than of quantitative use.

R-5615-¢
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DESIGN

MODIFICATIONS

Injectors X051, X052, X053, X056, and 086 were modified to incorporate
the fuel-cooled GSE throat plug hoss. Injectors X051, X052, and X053
were also modified by the addition of a redesigned outer fuel ring to re-
place part of the outer fuel ring on the injector body (Fig. 4). This
change was made to improve the heat transfer and minimize the thermal
stresses responsible for separation vf the stainless steel ring and the
outer fuel ring at the tips of the radial baffles. This modification
was discarded on subsequent injectors because it caused a pew aeparation

on the next inboard ring-to-land joint.

Many other modifications were made on existing injectors for the purpose
of improving stability and performance. These modifications and the re-
sults of testing are discussed under "Analysis".

NEW INJECTORS |

Flat-face injector 077 was a complete rebuild from an existing injector

body. The major design concepts incorporated in this unit were: enlarged
oxidizer feed passsdges, nultistep drilled radial fuel feed ports, and
programmed injection density. TFigure 5 shows the fuel port geometry

and representative plots of the desired injection density and mixture

ratio as a function of the injector radius. This unit performed approx- .
imately 1 second higher than the FRT injector.

Injector 057 vas & rolaved Laffle, F-1 ilajecior, with an FET ring set

(Fig. 6 and 7).

R-5615-9 , 11
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PROBLEM

Figure k. Ring-to-Land Separation Problem and Solutions
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Assembly Dvg: XEUR 914605
Plate Dwy: XEOR 917780
INJECTOR OESCAIPTION  Ring Set Dvg: XEGR 918332

_ORIFICE PATTERN_ w097 __,Tvee. 3885:Gh_ s/m
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%0
ﬁ .
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5@:&‘& e e e
EEHE_\ =51 mm@ 0.425] 15] 1.10] 0.799] G.27%
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E

I Pattern, Gﬂur-l Baffle Desi ‘E?eem Mod's.
Fuel]Oxid. | Number of riments | 13 NONE

Orifice Area 85. L8|l Baffle Construction Wide Base

ing Greove Depth .5 ~5381f Baffle Cooclant Fuel

ing Material CL Baffle Leagth 6 incues

Wall Gap (Fuei Ri il

njection Vel. 6 -

Toslant, perdent! 3.2

OIQO-J "m‘l L'OH'J

l"

1 ga
Illﬂ“-ﬂ r‘I

m 'llnl xn!ector has the basic FRT erifice

ses are located at t and

W

Figare 6. Description, Injector 097
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The unique features of this injector were the 6-inch-high, fnel-cdoled
baffles. In this configuration, fuel flows into the outer can and into
the 12 radial baffles. Inside the baffle the fuel flows in two paths,
one path channels the flow along the face of the baffle and out of the
orifices at the tip of the baffle. The other path directs the flow along
can, where it is injected at the baffle tip. Six~inch baffles were used
to determine the possible increase in efficiency and combustion stability.

Injector 089 was arotatel baffle, F-1 injector, with a modified FRY ring
set. The modification consisted of canting the fuel orifices next teo

-the radiel baffles to match the canting of the IOX orifices on the FRT
injector.

To improve the hydraulic characteristics of this injector the following
changes were made (Fig. 8 and 9):

1. The fuel port hole entrances were rounded and the transition
areas at changes in hole diameter were tapered.

2, TFor better fuel distribution Irom the radial feed ports to the
orifice, a stainless steel ring wvas installed in the fuel groove
upstream of the injecting orifice. The hole area in the secondary
ring was proportioned to provide the flow required at the injector
face.

3. The fuel groove was extended into the fuel radial feed ports to
provide circumferential distribution of the propellant upstream
of the secondary ring.

4, The oxidizer axial feed passage area was increased to reduce the
velocity and thus minimize the ill effects of high dynamic head
on the distritution of the propellant.

16 R-5615-9
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0

Injector X033 was a rotated baffled injector with 13-compartment, 3-inch-
high baffles (13 x 3). It had programmed orifices to give completely
uniform mixture ratio and injection density. The orifices adjacent to

the radial baffles were not canted. This injector performed approximately
1-1/2 seconds higher than the FBT injector.

Injector X058 was designed to scale up an B-1 injector, which had exhibited
good performance and stability characteristics, to the F-1 sigze. This
injector differed from the F-1 FRT injector in that it had higher propellant
injection velocities, short fuel, and long 10X impingement distances (the
reverse of F-1),and a much lower injection density.

Injector 099 was rebuilt into a 25-compartment, 3-inch high, baffled in-
jector (Fig. 10 and 11). This injector had biplanar impingement, canted
10X fans along the radial baffles, and injection velocities similar to
D the FRT injector. Some differences in the spacing and numbher of orifice
groups vere necessary, however, because of the additional area occupied
. by the baffle system.

Injector X060 was designed similar to the FRT injector but with modifica-
tions to improve its performance., This anit had regeneratively cooled
baffles (Fig. 12) and tapered radial fuel ports. The canted 10X doublets
adjacent to the radial baffles were smaller than the FRT injector, and
the matching fuel doublets were siszed for nominal mixture ratio il; this
area.

Fabrication was started on injector X017 (Fig. 13). This wnit had pro-
grammed orifices to ensure constant mixture ratio and injection density.
The unique feature of this injector was the four bipropellant cooled
baffles. Hydraulic modifications were the same as injector 089.

R-5615-9 19
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1DBA1-1/14/65-C1D
Figure 10. Injector 099
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Assembly Dwg: XEO R918730
Plate Dvg. XEO R917600
INJECTOR DESCRIPTION Ring Set Dvg: XEO RI18725

omce wergn. wer__099 _ rwe S106K8 .a/m
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O Ring Groove Eﬁ! . . e Cons '%ﬁ Bage 35
1 ria [0~ 1 CU__{ Ballle Coolant 9-65]
Wall i 211 | Bagfle le e
Injection Vel. (1% 58 j3 Baffle Area Ei-;’, 3.
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Figure 11 Description, Injector 099
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Assewbly ™hvg: 99-208770
Plate Dwg: 99-208755-11
INJECTOR OESCRIPTION Ring Set Dwg: 99-208739
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Pattern, Geuneral Baffle Ded Injector Mod's.
0 Y 0 2
Orifice Area 80,7 Baffle Comstruction Base
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Ring Material U CU le length inches 91779%
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Figare 12. Description, Injector X060
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UNIT 3-017 TIFE 6111-P4 s/m
GENERAL TNFORMATION No.| D [l @ors| 2z [] sp| Xje | xji
vall| .168
Orifice Area 69 37.014 { 0.234 [ 8A/89 | 0.430] 15 0.800 ] 0,35
Injectien Vel,(1500K) 671 36.29% | 0.23s | 84/89 | 0.473 | 22.5 0,571 | 0.208
Ring Greove Depth 65 35.17% | 0.277 | 84/89 | 0.430| 1% 0.800 | 0.205
Ring Naterial <63 ] 35.05% | 0.234 ] 84/89 | 0,473 | 22.5 0.571] 0.288
Vall Gep (Puel Ring) 611 32.9% } 0.266 | 88/89 | 0.430] 15 0.800 | 0,306
Vall Gap (Outer Zome) -39 | 31.814 | 0.221 | 84/09 | 0.473 | 22.5 0.571 | 0.30%
Percent Pilm Ceoclant -57 | 30.69% | 0.257 | 84/89 | 0.A30} 15 0.800 | 0.322
Excess Puel on Wall -55 | 29.574 [ 0.213 | 84/89 | 0.473 | 2.5 0.571 | 0.31%
=53 | 28.454 | 0.302 | 56/63 | 0.4301 15 0.800 | 0.238
51| 27.734 | 0.218 | 56/63 | 0.473 | 22.5 0.571} 0.308
‘ BAFFIZ DESIGN 49 | 26.21% | 0.290 § 56/63 | 0.430] 15 0.800 | 0.261
Number of Compertments 47 25.09% } 0.238 | 56/63 | 0.A73 ] 22.5 0.571 ] 0.283
Baftfle Construction Wide Base 45 | 23.97% | 0.277 | 56/63 | 0.430] 15 0.800 | 0.20%
Baffle Coelaut Bipropellant A3 { 23.85% 1 0,228 { 56/63 | 0.473] 22.5 ©.571 | 0.296
Baffle Length 3 inches -51 | 21.73% ] 0.261 | 56/65 | 0.530] 15 0.800 | 0.315
Baffle Ares -39 | 20,615 | 0.213 | 56/63 | 0.473 | 22.5 0.571} 0.314
. -37 | 19.49% | 0.236 | 36/43 | 0.430] 15 0.80010.250 |
. -33 | 18.57% | 0.250 | 36/43 | 0.473 | 22.5 0.571 | 0.269
331 17.25% { 0.290 | 36/43 {o.s30] 15 0.800 | 9.261
-31 116,13 10.23 1 36/53 10.473| 22,5 0.571 | 0.288
-29 1 15.018 } 0,261 | 36/43 | 0.430| 15 0,800 | 0.315
=27 | 13.89% ] 0.213 | 36/43 }0.473] 22.5 0.571] 0.314.
25 | 12.77% | 0.290 | 26/30 | 0.4301 15 0.800 | 0.261
-23 [ 11,654 | 0.23% | 20/30 | 0.473 | 22.5 0.571 | 0.288
~21 | 10.53% ] 0.261 | 20/30 ] 0.530 } 15 0.800 | 0.315
<19 | 9.024 |0.204 | 20/30 | 0.AT3 | 22.5 0.571 | 0.325
-17] 8.294 | 0,23 | 24/30 {0.430§ 15 0.800 | 0.365
-15| 7.17% [ 0.209 | 16/30 |0.348 | 17 0.571 | 0.233
=13} 6.05% |0.2501{16/3% |[0.282}{10 0.800 | 0.091
~11| A.9% l0.302] A 0.473 | 22.5 0.571 | 0.206
9| 3818 jo.2r2| » 0.430 | 15 0.800 | 0.294
-71 2.69% -
-5 | 1.5 -

REMARKS: The orifices are programmed for umiferm imjectiem
density. There are secondary rings im 81l fuel greeves. The
fuel feed ports are tapered at the diameter tramsition peimis -

to improve flew distribution. The di feed @ ges are
enlarged. The baffles are bipropellaat ceeled.
Percent film cosclamt = §.12,
. Figure 13. Description, Injector X017
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INJECTOR DURABILITY

An intensive study to determine the cause of ring crackine and braze joint
failurea on the FRT injector was begun. Four nonfireable test bodies were
pade to determine the best type of braze joint that could be used on the

F-1 injector. These test bodies were made as follows:

1. Gold-plated rings and vapor-hored grooves
2. Gold-plated rings and nickel-plated grooves
3. Nickel-plated rings and nickel-plated grooves

4. Decorative chrome strike plus nickel plate om rings and
nickel-plated grooves )

These four bodies were then proof pressure tested until the braze joint

failed. The average pressure required to cause faiinre was as follows:

1. 25,500 psi (Failed in joint)
2. 30,650 psi (Failed in parent metal)
3. 19,000 psi (Failed in joint)

4, 24,410 psi (Failed in joint)

The four bodies, along with four new ring sets, were remachined. Other
methods and types of plating were planned for these assemblies for further
evaluation. )

In an attempt {'.o determine the témpératnre of the injector rings during
hot firing, three thermocouples were installed in injector 082B. The
three thermocouples were mounted in a 10X ring, fuel ring, and the outer

24 R-%5615-9
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periphery of the injector. The initial hot-fire tests indicated the
following temperatures: LOX ring, 850 F; fuel ring, 320 F; and the outer
periphery, 200 F. Additional tests were planned for verification.

The investigation vas scheduled to continue on a large scale using the
FRT configuration injector, 085. This unit was to be modified to accept
11 thermocouples located between orifices, hetween doublets on the steel

ring lands, on the outer baffle can, and on the outer periphery of the
injector.

Q
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INDRODYNAMICS
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Work during this vreport period was devoted to obtaining injector flow

distribution data, the design and fabrication of fixtures to facilitate
gathering of these data, and the writing of an IBM program to reduce then

The effectiveness of various oxidizer splitter designs and spray devices

was also investigated using flow fixtures.

A study was conducted to determine the time involved and relative ignite:

flows during the igniter priming sequence.

FLOW DISTRIBUTION STUDIES

Previous flow distribution studies of various injector elements had in-
dicated discrepancies attributable to human error in the measurements
of the times of flow when catch buckets were employed. Consequently, a

flow collection system was designed and built (Fig. 14). In this design
211 ‘tubes (\uth a potentml of 40 tubes) were attached’ to a rotating fixt
placed beneath the injector and covering onme gquadrant. Because the in-
jector elements were too closely spaced to permit flow gathering of each
the tube--vere placed' below alternate elements. The fixture was designe

to index in incremenis of one octant; consequently, alternate elements
not measured during one cycle would be measured during the next indexing
cycle. The discharge ends of the tubes were attached to a pnemticaily
actuated sliding table pontloned over the catch buckets, normally plac
so that the discharge would miss the buckets.

R-5615-9 27
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To measure the flow disiribution, the injector was brought up to the de-
sired flow and the sliding table was actuated. The movement of the table
actuated a photo—electric cell that signalled the timer to start. The
table was retracted at the discretion of the operator, which action stopped -
+he timer. Individual catch buckets were weighed, the weight being di-
vided by the elnpsed time to yield elemental flowrates.

ELECTRONIC DATA PROCESSING OF FLOW DISTRIBUTION DATA

Because data could be gathered at a rate exceeding that possible for their
reduction, a :ot of computer progroms was written to expedite the data
proceseing. Figure 15 is a work flow chart of this data processing net-
work. By employing these programs, it was possible ic -obtain a printout
and graphical (by means of a CRT printout) record of individual elemental
flowrates for each ring bioken down by baffle compartments. Total ring
flows, as well as average elemental flcwrates for similarly located ele-
mwents, were also obtzined.

Figure 16 is a reprcsentative sauple of the CRT's of tbe oxidimer distri-
bution of injector 084W, an FRT injeci_:or pattern with oxidizer splitters
removed.

OXIDIZER SPLITTER FLOW STUDIES

Posttest inspection revealed that, iu mome instances, failures occurred
in the weld joint binding the oxidizer aplitters to the sides of the axial
feed holes. Thus, there appeared the pouibilitj of splitter vibration,
perhaps triggering or enhancing combustion oléillatiom.

R-5615-9 ) 29
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Plan Injecior
Test

)

Collect Raw

?

Test
Data

cord on I)aiQ

Fortran Program "WIS"

Fortran Program "CINJ"

Re-Runs Sheets (Form 600-V-95
Selected and 600-V-96)
@ Individual Test
¥ Run Listings
CRT Ring Plots Data Reduced

(File No. IV-002) (File No. IV-001) )
Sort and List Original Punched Data Final Deck of
Oriei 1 Data Deck 05 Card Deck Data Cards
rigina ¢ (Complete) (Complete)
F i |
[ (L)
Total Flow Correction
Portran Program "MIGT" Q
(File No. IV-003)
Corrected Data Original Data .
Deck Listing

Ioterp. and List
Corrected
Data Deck

Final Ring Plots

Ring Averages

Fortran Program "WIS"

(File No, IV-002)

‘ r:“.

Final Test Report
1 Copy to Lab Files
1 Copy to Requestor

Figure 15. Work Flow Chart of Data Processing Network
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Figure 17 is a drawing of a flow fixture built to investigate this pos-
sibility. The device simlated a portion of the ninth oxidizer groove
adjacent to a radial baffle. The installation of loose splitters pro-
duced no discernible oscillation in the fans. As a result of the flow
testing of this device, however, it was found that the physical configu-
ration of the splitter vas of secondary importance in cantirg a fan.
" The ci-itical factor was the presence of a splitter of any of the designs
investigated (crimped and spoon splitters). Likewise, bending of the
: splitter tip had little effect on fan canting. It wvas found that canted
i fans could be produced by the proper placement of oxidizer splitters,
without modifying the drill angle of the orifices,

% FLOW TESTING OF INJECTION DEVICES

; Figure 18 is a drawing of a flow test fixture employing a swirl device

: " to produce atomisation. The principle was being considered for incorpora-
tion on an F-1 injector. Visual examination disclosed an excellent spray,
but at the expense of an excessive pressure drop (850 psi at 13 gal/lin,
comnpondiqg to the rated flowrate of a single oxidiser triplet orifice).

The device was modified, with no apparent vitiation of the spray, by en-
larging the central restricting hole. The pressure drop, for the same
flowrate, was lowered to 425 psi.

Fature plans called for the enlargemezt of the tangentially drilled
orifices,

A flov test was also cvnducted of a coaxiél stream injection device of a
size commensurate with F-1 ri_ gy dimensions. It contained an intermal
oxadizer swirler. Photographic analysis indicated adequate mixing.

o
| '
32 R-5615-9
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Figure 18.

Flow Test Fixture With Swirl Device
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However, the pressure drops vere excessive: 1750 psi on the oxidizer
and 625 psi for the fuel, at rated flowrates.

IGNITER PRIMING STUDIES

A high-speed photographic study was made of the igniter system being
primed with water. High-speed solenoid valves were employed to initiate
the priming sequence, vhich was photographed by Fastax cameras.

The results indicated that within 100 milliseconds of the valve opening,

. all igniters were flowing full, the greatest time interval between valve
opening 2rnd the beginning of flow appearsd to te correlative with the
distance from the valve to the igniter.

R-5615-9 ' 35
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TWO-DIMENSIONAL CHAMBER TESTING

During the report period, six tests were conducted on the high-pressure,
two~dimensional thrust chamber. Subjects investigated were the effects

of baffle length on "buzz" instability, the performance of an injector
employing unlike-impinging doublets and showerhead orifices, the injection
of "tracers" into the combustion chamber, and the effects of the boundary
layer on streak photographs. Spectral, radiation, and thermal measure-

ments wvere made and a gas sampling was attexpted. Results were as follows:

- 4 Test 2107

This vas an attempt to trigger a buzz instability. Four 3.5-inch-long

baffles, equally spaced, were employed. A busz of approximately 820 cps,
200 psi peak—to-peak resulted during the entire 500 milliseconds of main-
stage operation. A bomb-induced disturbance damped within 7 milliseconds.

Test 2108

This was a repeat of Test 2107 above, except for the use of four 6-inch
, baffles. Buzzing between 80C and 900 cps resulted, and persisted for the
! entire 490 milliseconds of mainstage operation. Detonation of an explosiv '

charge had no discernible effect.

.

R-5615-9 37
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Test 2109

This test employed four baffles spaced 3-4-5~-4-3. An injection pattern
was employed in which 85 percent of the propellants were injected through
large showerhead orifices and 15 pei'cent through small, unlike, impinging
doublets. The objective was to achieve a high combustion efficiency.

The test resulted in a rather high c* of 5370 ft/sec in spite of moderately
high injector leakage and dawmping of a bomb-induced disturbance in 7
milliseconds.

Test 2110

This test employed two 3-inch baffles, spaced to provide compartments

- 6.5, 7.0, and 6.5 inches wide. The fuels employed were successively

' éthyl-alcohol and RP-1; the oxidiger was 10X. Aluminun dust was injected
into the chamber, normal to the injector face. In addition, one oxidizer
doublet flowed nitrogen tetroxide and one of the fuel orifices employed
RP-1 during the alcohol phase. These served the function of providing a
qualitative picture of the mixing of the combustion gases.

Combustion was stable throughout 400 milliseconds of mainstage operation.
Four thermocouples were inserted through the injector face and extended

1 inch downstream. .Two heat flux meters at 4.7 and 24.7 inches from the
injector face indicated heat fluxes of 3.9 Btu/in.z-aec and 10.8 Bm/in.z--ec,
respectively.

38 R-5615-9
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Test 2111

This was a repetition of the above test, with additional thermocouples
and a grating spectrograph added. Tracers were provided by injector
saturated barium chloride and blue-dyed water through orifices in the
injector face, while retaining the propellant injection approach employed
in the previous test,

A bomb-induced disturbance damped in .60 milliseconds. Data from the heat
flux meter located 24.7 inches from the injector face indicated a heated
filnx of 11.7 Btn/in.z--ec. A gas sampling device was employed, but did
not remain open long enough for adeguate sampling.

Test 2112

This test employed two 3-inch baffles, spaced as in tests 2110 and 211i.
To determine the effect of a houndary layer upon streak photography,
streak photographs were taken both upstiream and downstream of a hole
bleeding combustion gases to the atmosphere.

Spectral and radiation measurements were also made during this test.

ACOUSTIC ABSORPTION STUDIES

A number of instances were reported in which stable combustion was achieved
after hardware modifications were made that resulted in blind slits coupled
to the combustion 'chanber; Consequently, acoustic bench tests were con-
ducted to analyse the effects of slits coupled to a cylindrical cavity.
These consisted of exiting the air in a cavity & inches in diameter and

1 inch long and commmicating to slits of various configurations.

R-5615-9 . 39
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Initially, radial slits were introduced by means of gaskets. It was
found that the optimum slit configuration produced attenuations of 6.5

to 7.9 decibels for the first tangential mode, 13 decibels for the second
tangential mode, and 5.1 decibels for the firsi radial mode.

The tests were repeated in a different chamber to investigate the effects
of longitudinally directed slits., Slits 1/2 inch and 1 inch long were

investigated, with widthes increasing in increments of 0.015 inch.

It was found that attenuation increased with increased slit depth,‘ as

in the case of the radial slits. An optimum slit width was found for
each slit height and mode of vibration. The attentuation, at the optimm
slit configuration, was found to be 3.8 and 9.2 decibels for the first
and second tangential and first radial modes respectively, for the 1/2-
inch—long slit. For the l-inch-long slit, the attenuations, listed in
the same order, were 9.1, 17.8, and 7.0 decibels.

40 ‘ k-5615-9
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COMPONENT TESTING (Table 1)
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During the report period covered, component tests were conducted to in-

vestigate the following areas:

1.

2.

3.

Evaluation of the FRT injector configuration

Investigation of the effects of oxidizer splitters and splitter

shifting on stability

Investigation of the effects of oxidizer spray shapes adjacent

to baffle surfaces
Investigation of a tribaffled injector

Investigation of a rotated fan injector

Investigation of injector modifications to suppress the

buzz mode

The effects of removing the oxidizer dome cone on stability

The investigation of vented radial baffles as a stabilizing

agent

Injector performance evaluation testis

Evaluation of the FRT Configuration

During October and November, 17 teltl.vere conducted on the FRT config-

uration injector (type OBAE).
in times ranging from 8 to more than 400 milliseconds.

R-5615-9

Fourteen bomb-induced instabilities damped

Four tests took
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more than 100 milliseconds to damp; each was characterized by injector
and O-ring damage. The instability mode in each case was resurging
coupled with 500-cps and 1500-cps oscillations.

Analysis of Brush records indicated the following:

1. The 1500-cps mode had the characteristics of a first transverse
mode within an outer compartment. The frequency of this mode,
calculated on the basis of an acoustic velocity of 3500 fps,
was 1727 cps. Thus, it appeared that an acoustic velocity of
3000 fps vas more realistic for this compartment.

2, The ampl{_itnde of both 500-cps and 1500-cps modes was at least
twice as high at 0.8 inches from the injector face as at 5
inches from the injector face.

Investigation of the Effects of Oxidiszer Splitters
and Splitter Shifting on Stability

During component testing in a tubular wall thrust chamber, popping
occurred in two successive tests with injector 084C. Posttest inspection
revealed that several aplitters in the oxidiser feed holes had shifted

in the region believed to correspond to the origin of the pops. To de-
termine vwhether shifing of the splitters could cause popping, they were
removed from the injector, and a series of nine tests was conducted with-
out a pop. However, upon replacing the splitters, no popping was experi-
enced during a subsequent seven-test series, in spite of the fact that
some of the splitters had shifted.

76 R-5615-9
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As a result of these tests, the cause of popping was believed to be in-

jector leakage rather than shifting of the oxidizer splitters.

Three test series were conducted with injectors X051 and 099 to evaluate
the effects of oxidizer splitters on stability. With injector X051, em—
ploying 270 splitters, the average damping time was 122 milliseconds.
This was decreased to 109 milliseconds wnen 302 splitters were used. A
similar injector (099) employing no splitters, was then tested five times.
The average damping time for the first four tests was 34 milliseconds,

a significant improvement. The conclusion was subject to question, how-
ever, vhen the fifth test did not damp. The three test series were
characterized by injector leakage and 0-ring failure during the final
series, rendering the test results inconclusive.

Investigation of the Effects of Oxidizer Spray
Shapes Adjacent to Baffle Surfaces

Three test series were conducted with injector F-1002 to determime the
effects on stability of various oxidizer spray shapes adjacent to the
radial baffles. In all, three modifications were tested: overlapped
oxidizer doublets adjacent to the balfle, i.e., unequal diameter im-
pingihg orifices; doublets resulting in fans being canted away from the
baffle; and a combination of both. The remainder of the oxidizer in-
jection pattern consisted of triplets.

For the test series employing overlapped doublets only, the maximum

damping time in four tesis was 13 milliseconds. In the series employing
both overlapped doublets and canted fans, four tests damped in less thamn
13 milliseconds, while two other damped in 52 and 41 millisecomds. The

iinal series, employing canted ians alome, resmlted in damp times of 3,

R-5615-9 77
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5. 85, and 6 milliseconds. DBecausc these damp times did not differ sig-
nificantly, the threc test scries demonstrated no clear-cut advontage of

onc concept over another.

Two bomb tests were conducted with injector F-1002 in which canted oxidizer
fans were employed adjacent to the radial baffle surfaces and body and
£ilm coolant holes were plugged. The first test damped a bomb~induced
disturbance in 27 milliseconds, and two bomb-induced disturbances in 30

and 105 milliseconds during the second test. The plugging of the body

and film coolant orifices did not, evidently, exert any appreciable sta-
bilizing influence.

A re-evaluation was mad2 of the concept of canted and overlapped oxidizer
fans adjacent to radial baffles during a test series with injector 049.
The oxidizer doublets adjacent to the radial baffles consisted of 0.185-
inch-diameter orifices angled toward the radial baffles at a half-angle

of 20 degreesand 0.209-inch-diameter orifices angled awvay from tke radials
at a half-angle of 28.2 degrees. The results indicatéd a loss of 1 second
in specific impulse over the FRT injector. Each of two bomb-induced dis~-
turbances damped in one cycle, reconfirming the importance of the oxidiszer
pattern adjacent to the baffle surfaces. '

Testing of injector X054 seemed to demonstrate the importance of the oxi-
dizer orifices adjacent to the circumferential baffle. Three tests were,
therefore, conducted in vhich the diameter of these orifices was increased
from 0.195 to 0.209 inch. The impingement angle was 40 degrees. The

bomb tests resulted in damp times of 32, 73, and 7 milliseconds, the
average damp time increasing from 20 to 37 milliseconds. This was not .
felt to be a aignificant increase.
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Investigation of Tribaffled Injector

Three tests were conducted with injector X037, a tribaffled injector.

All tests resulted in strong 50b—cpa oscillation. The third test resulted
in the destruction of the injector and dome, and severe stand domage. It
was concluded that three baffles are insufficient to guarantee a stable
injector. The test did not damp. The mode of instability appeared to he
a first transverse compartment mode with traces of the 500-cps oscillation.
Evidently, rotation of the fans was not sufficient to guarantee suppression
of the transverse compariment mode.

Investigation of Injector Modifications

to Suppress the "Buzz" Mode

The effect of a shallow oxidizer impingement upon stability was investi-
gated in five test series employing injectors 082B, X055, and X002. The
first tvo series employed injector 082B and were designed to investigate
the effect of a baffle-to~land gap on buzz. In all tests the buzz ampli-
tude was low, tending to indicate that a gap between the base of a baffle
and a land is not necessarily conducive to triggering of this mode. ’

Injector X002 was modified by adding a shoverhead orifice between imping-
ing oxidizer orifices. With this modification, the buzz amplitude was
lower than that obtained with the injector in its unmodified form.

Injector 082B was modified by overlapping the oxidizer doublets adjacent
to the radial baffles and was {ested in both uncooled and cooled thrust
chambers. All tests demped without resurging, and buzzing was recorded
on fuel parameters only. Five-hundred-cps oscillations, which attenuated
slowly. vere triggered.

R-5615-9 -9
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This series indicated that the buzz mode could be reduced in scverity by

; keeping the oxidizer sprays away from the radial baffles. Because of the
Jq possibility that the buzzing previously observed with injector 040 might
have been caused by mismatching of the fuel and oxidizer impingement
distances, the injector vas modified bjr the additions of 240 small, close-
impinging fuel doublets between the existing doublets. However, a test
revealed no attemation of the buzz.

A test series was conducted with injector X055 to determine the effect
of increased outer circumferential baffle flow on buzzing. Teating im
both the uncooled and cooled thrust chambers indicated that the buzz
level had increased from what it had been before.

The Effects of Removing the Oxidizer Dome
Cone on Stability

A stab ility rating series was conducted with injector XD49 to evaluate
the effects of removal of the cone from the dome cavity. 0f four bomb-
induced disturbances, three damped within a single cycle, the fourth re-
surging i;vice, but still damping within 100 milliseconds. Transition
appeared smoother with this configuration. As a result of this test
series, it was determined that removal of the come from the dome cavity
had little or no effect on stability,

The Investigation of Vented Radial Baffles as a

Stabilizing Agent

A series of three tests was conducted with injector X021. This injector
employed canted oxidizer fans adjacent to the radial baffles. In additionm,

132 holes of 0.209-inch diameter were drilled through the bases of the
radial baffles.
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The first two tests were stable tests in which the buzz level was much
lower than normal with this injector pattern. The third test, however,
did not damp a bomb-induced disturbance, the predominant mode being a
500-cps oscillation.

As a result of this series, it was concluded that the venting of the

baffles near the bases may reduce the buzz level significantly but in
itself does not ensure the domping of a strong 500-cps mode.

Injector Performance Fvaluation Tests

Performance evaluation tests were conducted with injectors 077, 084, 033,
and 2004.

Tests with injector 077, a uniform mixture ratio, flat-face injector,
yie lded only a slight increase in c* efficiency as compared to the FRT
injector.

A modification of injector 084, consisting of plugging the radial baffle
cooclant holes and enlarging the circumferential baffle eoohnt holes a
corresponding amount, resulted in decreasing the c* efficiency by 1 per—
cent. The radial baffles were uncooled during these tests.

Three tests were conducted with injector X033 to evaluate umiform in-
jection density and mixture ratio across the injector face. A consider-
able increase in performance was achieved at the expense of stability.
A bomb-induced disturbance did not damp, but resulted in a resurging
"and baffle éonparhent resonance mode of instability.

R-5615-9 81
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As a result of a component test series, the specific impﬁlse éf flat-face
injector 2004, employing uniform radial flow distribution, was determined
to be approximately 1 second higher than that of the FRT injector.

v

ENGINE TESTING (Table 2)

Ingine testing during this period was devoted to the evaluation of the
084E~type injector as the FRT candidate. By the end of the report period,
this injector type had accunmlated 9860 seconds of mainstage operation
in 143 tests with 15 different injectors. In addition, the engine damped
three bomb-induced instabilities within the required maximum time of

100 milliseconds. Specific impulse is well above the required minimmm
of 260 seconds.

Two cases of popping occurred with the engine. Omne incident occurred at
85 percent of nominal chamber pressure during test 072 with engine 022,
The disturbance persisted for 25 milliseconds, after whi-h it damped in
1 cycle. Posttest inspection revealed injector leakage. The cause of
the pop was attributed to either injector leakage or a shortened pretest

preparation procedure.

The other popping incident occurred during test 070 with engine 023.
The disturbance persisted for 35 milliseconds. Posttest inspected re-~

vealed randomly located sources of injector leakage.
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WATER TABLE .

To obtain information on the effects of injector baffles on the propaga-
tion of strong shock waves, a water table program was initiated. In this
study, two-dimensional surface waves were diffracted by models of various
shape baffles. The height of the surface wave ahove its quiesceni value

was analogous to the shock overpressure.

Two methods of data gathering were used. The height of the wave was
monitored by a capacitance probe immersed in the water and recorded on a
visicorder. Photographic techniques were also employed to yield permanent
records of streamlines of floating styrene spheres as they followed the
water particles during impingement of the wave. Figures 19 through 21
depict respectively the ratios of reflected-to-incident wave heights,
transmitted wave heights—to-quiescent depth,and the coordinate sysiem
employed. These data were taken with two different baffle configurations,
triangular and inverted triangular. For the extreme difference in shapes,
the curves are remarkably similar and differ by less than the accuracy

of the transducer.

Figures 22 through 25 depict four stages in the development of plane
wave propagation past the base-mounted baffle. Figures 26 through 29

show a similar sequence for a vertex-mounted baffle.
From these photographs, it is evident that the mature of propagation is

reflection upstream of the baffle, diffraction downsiream of the baffle,

while the intcrmediate zone is one of circulation.
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3652-95-4G 12-28-64

Figure 24, Wave Propagation Past Base-Mounted Baffle, Stage 3
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3652-95-AF 12-28-64

Figure 25. Wave Propagation Past Base-Mounted Baffle, Stage &
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Figure 26. Wave Propagation Past Vertex-Mounted Batfle, Stage 1
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3652-95-41 12-28-64

Pigure 27. ¥ave Propagation Past Vertex-Mounted Baffle, Stage 2

106 . B~5615-9

PR

R e e i w—




n ROCKETDYNIE . A DIVISION OF NORTH AMERICAN AVIATION. INC

()

¢ ofwjg ‘o1FFvd PIRPUNOK-XIAIIA 38%] uojjududoag 248y *8g oIty
%9—82-31 OT-G6-3S9E€

107

B~5615-9

~eans ot -




108

ROCKETDYNE

&

A DIVISION OF NORTH AMERICAN AVIATION,

3652-95-4C 12-28-64

Figure 29, Wave Propagation Past Vertex-Mounted Baffle, Stage 4
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CONCLUSIONS

1. Water table techniques are capable of yielding information on

baffle shockwave interaction.

2, Difference in overpressure fields were slight for the two baffle

shapes investigated.

3. Differences in flow fields were appreciable for the two baffle
shapes studied.

4. Vortex generation at the baffle tips is a significant facter in
shock wave diffraction by a baffle.

5. The accuracy of the height sensing probe should be increased
if quantitative information on overpressure fields is to be
obtained.

"R-5615-9 109
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ACOUSTIC LINER

Three tests were conducted at Brave 1C on the F-1 gas generator employi

an acoustic liner.

Test 630-009 was conducted on 4 November 1964, Test conditions were:

Fuel flowrate, 1b/sec 108

Oxidizer flowrate, lb/sec 57.4
Mixture ratio, 0.531
Exhaust temperature, F 1812

The test duration was 1.3 seconds. Inspection of the records revealed
the presence of a longitudinal thrust chamber mode in tramsition. Duri
mainstage, a sporadic instability occurred, which was predominately at
the longitudina) mode frequency, although the first tangential mode

(= 2000 cps) vas present at low amplitude. The acceleration g level wa
sulficient to cause rough combustion cutoff, had there not been a mal-

function in this device. No damage was incurred.

Test 630~010 was conducted 6 November 1964. Test conditions were:

Fuel flowrate, lb/sec 118

Oxidizer flowrate, lb/sec 59.3
Mixture ratio, 0.502
Exhaust temperature, F 1503

The test resulted in rough combustion cutoff after 192 millireconds of

mainstage duration. The sawe roughness in buildup was observed. The

R-5615-9 111
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instability in this test was less sporadic and more uniformly high level.
No damange was incurred. The hardware was removed for rework. All small

holes forming the "necks" of the resonaters in the liners were plugged.

Test 630-022 was conducted 29 December 1964 with the acoustic liner holes
plugged. The test was intended to be a repcat of Test 630-010 above.
During transition, the same type of high-amplitude oscillations occurred
as in the previous two tests. However, they were sufficiently high this
time to cause a rough combustion cutoff in transition. The liner was ex-
ponded against the chamber wall and was scored during removal. This was
the only damage noted.

For purposes of comparison, power speciral density plots were made of
the chamber pressure for each test. These are presented in Fig. 30
through 32. Figures 30 and 31 were made for Tests 009 and 010 and
apply to the unstable portion of the tests in which the liner holes were

open. Figure 32 applies to the tramsition phase of Test 022 in which
the liner holes were plugged.

Although the test results were disappointing in that no run was stable
with the liner in operation, there was nevertheless some encouragement

in the fact that the preszence of the liner evidently permitted the test
to reach mainstage.

112 B-5615-9
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Figure 30. Chamber Pressure: Imstabilit
to Instability +100 Milliseconds; Test
633-009A~114; Liner Holes Open
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Figure 32. Chamber Pressure: 100 Milli-
seconds of Transition Phase, Test 630-022A-
12%; Liner Holes Plugged )
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IMPINGING JET WAVE PATTERNS

A cursory review of a group of films taken at the medium flow bench re-
vealed the presence of a spherical wave pattern in the fan formed by im-
pinging jets of water. These waves, emanating from the point of impingement,

seemed to become more prominent as the impingement angle was increased.

To investigate further these wave phenomena, three orifice plates simmla-
ting the oxidizer orifice patterns of the FRT and 082B type injectors
were fabricated and water flowed. These orifice plates had the FRT in-
jector oxidizer doublets of 0.209-inch diameter and 0.242-inch diameter
impinging at 40 degrees, and type 082B injector oxidizer doublets of
0.209-inch diameter impinging at 56 degrees 24 minutes,

("' ; In addition, a group of orifice plates with a modification of the above

orifices was built. This modification consisted in drilling two additiomal
sma.11 orifices in the plane of the original fan. The purpose of these
added orifices was to impart additional axial momentum at the source of

the spherical waves,

The assumption behind this program was that oscillations in combustion
chamber pressure can result from oscillations in energy addition to the
chamber. In particular, these oscillations cam occur in a propellant
stream. If the burning rate is a function of vaporization rate, the
change in degree of atomization of the propellant spray can contribute

a change in chamber pressure.

Fastex films at 2600 to 4200 frames per second were used to record the

tests. A 60-cycle timing light at 120 flashes per second was added to

@
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the film strip. Two stroboscopic light sources, synchronized with the
camera, provided a 10-6 second duration flash per frame. The frequency
of the wave pattern vas determined by counting the mmber of frames be-

tween succeeding waves projected on a screen.

-TEST RESULTS
The results of the examinstion of the films showed that:

1. - The spray from poth FRT and 082B injector pattern oxidizer
orifices showed waves; however, the wave 'intensity from the
FRT pattern was much lese pronounced than that from the 082B
pattern. The wave prominence was approximately proportional
to the impingement angle and the spray fan angle when viewed
rormal to the fan. (— )

2, The vave frequency was proportional to the injection velocity
and inversely proportional to the orifice diameter. The ob-
served frequencies agreed fairly well with those frequencies
calculated by Rayleighis method of determining frequencies of
liquid jets issuing from orifices.

3. The spray pattern from the modified orifice of two 0.187~inch
diameter orifices impinging at 56 degrees 24 minutes and two
showerhead orifices of 0.096-inch diameter and 0.089-inch di-
ameter drilled in the original fan plane showed comsiderable
reduction of spherical waves when compared to the 082B injector
type oxidizer orifices of 0.209-inch diameter impinging at
56 degrees 2% mimmtes (without modifications).

Q)
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The spray pattern from the modified orifices of two 0.209-inch diameter
orifices impinging at 40 degrees and two showerhead orifices of 0.093-
irch diameter drilled in the original fan plane showed comsiderable re-
duction of spherical waves when compared to the FRT injector type oxidizer
orifices of 0.209-inch diameter impinging at 40 degrees (without
modifications).
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SPUD PROGRAM

From the single-element testing conducted at Canoga Park and Neosho, the
radial and concentric orifice type spuds evolved as the injection elements
to be used in the full-acale spud injector. The radial flow type spud
has like-on-like impingement and injects propellants in the radial di-
rection. Axial injection was completely eliminated (Fig.33 ). The con-
centric orifice spui consists of 21 oxidigzer tubes, each surrounded by a
fuel annulus, The injection of propellants is in the axial direction
(Fig. 34).

By mid-December, the cuncentric orifice type spud injector was completed
and assembled. The injector and solid-wall assembly are illustrated in
Pig. 35. The preparation of the test stand to handle the spud injector
had not been completed during this period, and the injector was not tested.

B~5615-9 121
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F-1 Spud Injector Klement, Concentric Orifice Spud

Figure 34.
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Figure 35. F-1 Spud Injector Assenbly
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BOMB EFFORT

Combustion stability bomb performance om F-1 thrust chamber tests con-
tinued to be satisfactory. Two bomb failures were experienced with ex-
perimental low shrapnel bombs that used the plastic shell Hercules 13.5-
grain blasting cap. It was determined that this cap was susceptible to

detonation failure with thermal initiation, and its use was stopped.

High-speed photographs of detonating bombs were obtained with a rotating
mirror streak and framing camera. Framing pictures at rates from 66,660

to 440,000 frames per second were obtained showing the shape of dotonation
expansion and showing the shock wave separating from the detonation products.
Streak photographs taken simmltaneously with the framing pictures yielded

a position-time relationship for the expanding detonation. The velocity

of the shockwave was correlative by blast tables to the overpressure of

the shock front.

Figure 36 is a framing sequence taken at 66,660 frames/second showing

the detonation of a Mod. 1% bomb with reduced core wall thickness to

gimulate thermal erosion.
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